Last glacial maximum (LGM) Cd/Ca and 8 13 C data indicate a nutrient-depleted intermediate-depth water mass. In the mid-depth western South Atlantic, a simple conversion of LGM 8 13 C data suggests significantly less nutrient enrichment than LGM Cd/Ca ratios, but Cd/Ca and 6 13 C data can be reconciled when plotted in CdW/ 13 C space. Paired LGM Cd/Ca and S1 3 C data from mid-depth cores suggest increasingly nutrient rich waters below 2000 m, but do not require an increase in Southern Ocean water contribution relative to today. Cd/Ca data suggest no glacial-interglacial change in the hydrography of the deepest waters of the region. To maintain relatively low Cd/Ca ratios (low nutrients) in the deepest western South Atlantic waters, and in CDW in general, during the LGM requires an increased supply of nutrient-depleted glacial North Atlantic intermediate water (GNAIW) and/or nutrient-depleted glacial Subantarctic surface waters to CDW to balance reduced NADW contribution to CDW. LGM Cd/Ca and 5 13 C data suggest strong GNAIW influence in the western South Atlantic which in turn implies export of GNAIW from the Atlantic, and entrainment of GNAIW into the Antarctic Circumpolar current.
INTRODUCTION
Glacial-interglacial changes in deepwater hydrography of the North Atlantic region have been investigated using benthic foraminiferal Cd/Ca and 1 3 C data to reconstruct past nutrient distributions. During the LGM, production of the relatively dense, nutrientdepleted NADW, which today fills most of the North Atlantic deeper than 1 km was curtailed. Below 2 km in the Atlantic, NADW was replaced by nutrient-rich waters, perhaps of southern origin (e.g. Boyle and Keigwin, 1982; Boyle and Keigwin, 1987; Oppo and Fairbanks, 1987; Duplessy et al., 1988; Curry et al., 1988; Charles and Fairbanks, 1992; Oppo and Lehmann 1993) . These nutrient rich waters were overlain by the glacial analog of NADW, nutrient-depleted glacial North Atlantic intermediate water (GNAIW) (Boyle and Keigwin 1987; Duplessy et al., 1988; Curry et al., 1988; Boyle, 1992 ; Oppo and Lehmann, 1993) . The glacial hydrography of the South Atlantic is less well understood.
Today, NADW flows through the western South Atlantic (Reid et al., 1977) into the Antarctic Circumpolar Current (ACC) transferring deepwater from the Atlantic into the Indian and Pacific (e.g. Broecker et al., 1985) . Benthic foraminiferal Cd/Ca and 81 3 C, records suggest reduced contribution of nutrient depleted NADW to waters in the South Atlantic (Boyle, 1984; Boyle, 1992; Curry and Lohmann, 1982) . During the LGM, 231 pa/ 230 Th data imply continued vigorous export of North Atlantic water, consistent with an LGM global conveyor belt circulation in which GNAIW replaced NADW (Yu et al., 1996) .
Here, we present Cd/Ca and S1 3 C data from a depth-transect of cores to test the hypothesis that GNAIW penetrated far enough south to exit the Atlantic basin and enter the ACC. This is the first study which presents both benthic 61 3 C and Cd/Ca data from South Atlantic cores shallower than -2.5 km. The western South Atlantic is an ideal location to monitor N-S deepwater source variations and inter-ocean exchange of water, because the region is a conduit for northern source waters leaving the Atlantic, and AAIW entering the Atlantic. Sites in the western South Atlantic should also be sensitive to variations in the relative strength of northern and southern deep water production, because NADW and AA1W flow through the region as western boundary currents and recirculated CDW fills the depths above and below NADW (Reid et al., 1977) .
BACKGROUND:
The interplay of ocean circulation and biological redistribution of nutrients creates unique chemical signatures for northern and southern source deep waters. NADW has low nutrient concentrations while Southern Ocean Water (SOW) has high nutrient concentrations, mainly because of the disparity in surface water nutrient contents between regions of deep convection (e.g. Broecker et al., 1985) . During construction of new biomass, primary producers fractionate carbon isotopes in favor of 12 C (e.g. Kroopnick, 1985) and incorporate P (Redfield, 1963) and Cd (Martin and Knauer, 1976) . Once deep waters are isolated from the surface, nutrient contents increase as a result of remineralization of marine snow. As a result of the biological cycle of nutrient uptake in surface waters and remineralization at depth, P and 8 13 C are inversely correlated (Kroopnick, 1985) and P and Cd are positively correlated (Boyle et al., 1976; Martin and Knauer, 1976; Knauer and Martin, 1981) .
The temperature dependent fractionation which occurs during CO 2 exchange at the sea surface alters the S13C of DIC in surface waters (Mook, 1974 ), but does not affect nutrient concentrations. Gas exchange at colder temperatures results in higher 813C values than gas exchange at warmer temperatures. Because the time needed to reach isotopic equilibrium is longer than the residence time of most surface waters (Broecker and Peng 1982) , the isotopic imprint of gas exchange is variable even at a given temperature. In areas where wind speeds are high, gas exchange rates are high, bringing the sea surface 81 3 C values closer to isotopic equilibrium with the atmosphere (Liss and Merlivat, 1986; Broecker and Maier-Reimer, 1992) . Because of the greater mobility of 12 C0 2 , the direction of carbon dioxide flux also influences the air-sea exchange signature imparting a negative surface ocean air-sea exchange signature in regions of CO 2 invasion and positive exchange signature in regions of CO 2 evasion (Lynch-Stieglitz et al., 1995) .
Foraminiferal shell chemistry can be used to reconstruct past ocean circulation (e.g. Curry et al., 1988; Duplessy et al. 1988; Boyle, 1988) . Certain species of benthic foraminifera appear to record the S13C of bottom water dissolved inorganic carbon (DIC) (Belanger et al., 1981; Graham et al., 1981; Grossmann, 1984; Curry et al., 1988) and the [Cd] in sea water (Boyle, 1981 (Boyle, , 1988 . However, neither benthic foraminiferal Cd/Ca ratios nor carbon isotope data are influenced solely by water chemistry (Boyle, 1992; McCorkle et al., 1995; Elderfield et al., 1996; Zahn et al., 1986; Mackensen et al., 1993; Spero et al., 1991 Spero et al., ,1997 . For example, recent studies suggest that the S1 3 C values of the benthic foraminifera used to reconstruct past deepwater dissolved inorganic carbon (DIC) S 13 C values may be as much as -0.5%o lower than bottom water DIC 8 13 C when overlying surface ocean productivity is high (Mackensen, et al., 1993) , as may have been the case in many regions of the Southern Ocean previously studied. Furthermore, in contrast to 6 13 C data, Cd/Ca ratios of benthic foraminifera from cores within deep Southern Ocean water suggest little or no glacial-interglacial nutrient change (Boyle, 1992; Oppo and Rosenthal, 1994; Rosenthal et al., 1997) . The physiological bases of the extraneous influences on benthic foraminiferal chemistry are not fully understood, but correction for some influences other than water chemistry is routine. For example, Cd/Ca ratios of calcitic benthic foraminifera are converted to a quantity, CdW, which is an estimate of the cadmium concentration in seawater (Cdw) using a depth dependent distribution coefficient (Boyle, 1992) .
MATERIALS AND METHODS

Core sites and modem western South Atlantic hydrography and nutrient chemistry
The cores from the Brazilian Margin range in water depth from 1567 m to 3909 m and in latitude between approximately 32 deg. S and 26 deg. S (Table 1; Figure 1) . The waters bathing core sites in the western South Atlantic are a mixture of up to three of the five water masses listed in Table 2 . To assess the percentage of each of these water masses overlying sites, we have taken end-member properties for northern component water (NCW -NADW), and the deeper southern component water (SCW -LCDW) from Oppo and Fairbanks (1987) and Broecker et al. (1985) . We have taken Labrador Sea Water (LSW) properties from Broecker and Peng (1982) . We have also estimated an Upper Circumpolar Deepwater (UCDW) temperature from GEOSECS data and derived an AAIW end-member from GEOSECS data and measurements made by Kroopnick (1985) The two deepest cores, RC16-85 (3909 m) and RC16-86 (3759 m) lie close to CDW in salinity vs. temperature space (Figure 2 ). The mid-depth cores, RC16-84 (2438 m) and V24-253 (2069 m) lie close to NADW and LSW, respectively. The shallowest core, RC16-119 (1567 m), is a mixture of LSW, UCDW, and AAIW.
Stratigraphy and nutrient proxies
Stable carbon and oxygen isotope records were generated using Cibicidoides wuellerstorfi in RC16-119, V24-253, and RC16-84 (Table 4 ). This species of foraminifera appears to record the S13C of bottom water DIC (Belanger et al., 1981; Graham et al., 1981; Grossmann, 1984; Curry et al., 1988) . Due to very low benthic foraminiferal abundances in RC16-86 (3759 m) and RC16-85 (3909 m), stable oxygen isotope records were generated using Globorotalia inflata picked from the 250-300 prm size fraction (Table 4) , and the benthic foraminifera were saved for trace element analysis. Benthic foraminiferal Cd, Mn, and Ca analyses were made following the procedure of Boyle and Keigwin (1985/6) on a Hitachi Z8200 atomic absorption spectrophotometer (AAS) tandem flame and graphite furnace. Numerous species were used for Cd/Ca measurements ( Table 6 ) because there appears to be little systematic offset between the Cd/Ca ratios of various calcitic benthic foraminiferal species (Boyle, 1988) . Each sample consisting of between 1 and 20 individual specimen of benthic foraminifera was cleaned for trace metal analysis according to the procedure of Boyle and Keigwin (1985/6) with a reversal of the oxidative and reductive steps to improve the removal of authegenic Cd deposits on the outside of foraminiferal shells Rosenthal, 1994; Rosenthal et al., 1995) . Mn/Ca ratios were used to assess the efficacy of the cleaning procedure. Samples with Mn/Ca ratios higher than 120 pmol/mol were rejected.
Three consistency standards were treated as samples in each run in order to assess the analytical precision of the measurements on the AAS. Boyle (1995) reported an RSD of 4.1 % for a consistency standard of 0.18 gmol/mol. The relative standard deviations (RSD) for our consistency standards are 8.23% for 0.13 pmol/mol (n= 13), 8.34% for 0.09 jmol/mol (n=12), and 13.69% for 0.04 Imol/mol (n=12). High RSD values were largely due to an unrecognized problem with the photomultiplier.
RESULTS
Stratigraphy
Stratigraphy was developed for the cores using foraminiferal 8180 values and 22 AMS radiocarbon dates. The glacial-interglacial ice-volume/temperature signal is evident in all the 8180 records (Figure 3 and 4) , but there are reversals in radiocarbon ages in RC16-84 and RC16-119. The age reversals do not compromise our conclusions, because the reversed dates are either on Termination I (RC16-119) or are both glacial (RC16-84), and we focus on Cd/Ca and 81 3 C differences between the LGM and the Holocene ( Figure   5 and 6).
Nutrient proxies
The Cd/Ca and 8 1 3C data used to reconstruct Holocene and LGM depth transects are circled (Figure 4 (Figure 7 ). We used a depth-dependent distribution coefficient (Boyle, 1992) and assumed a constant seawater Ca concentration of 0.01 mol/kg to convert calcitic benthic foraminiferal Cd/Ca values to a foraminiferal estimate (CdW) of the Cd concentration in sea water (Cd,) (Boyle, 1992) . For Hoeglundina elegans, we have used a distribution coefficient of 1.0 . CdW values were converted to estimates of phosphate using the relationship for phosphate concentrations higher than -1.3 gmol/kg (Boyle, 1988) .
Holocene Cd/Ca ratios match GEOSECS phosphate profiles reasonably well (Figure 6 ), perhaps slightly underestimating nutrient concentrations between 2000 and 3000 m water depth.
Glacial-Holocene nutrient proxy changes
Downcore Cd/Ca and S13C data suggest similar patterns of nutrient change, with glacial nutrient depletion in the shallowest core (RC16-119, 1567 m), and glacial nutrient enrichment in the mid-depth cores (V24-253, 2069 m; RC16-84, 2438 m). Cd/Ca data suggest no change in the deepest core (RC16-85, 3909 m) where no 813C data is available ( Figure 5 ; Table 7 ).
After adjusting glacial 81 3 C values for glacial-interglacial mean ocean increase of 0.3 %o (Shackleton 1977; Curry et al., 1988; Duplessy et al., 1988) , glacial-interglacial differences in 8 13 C values ( Table 7) were converted to rough estimates of phosphate change with a conversion factor of 1. l*Aphosphate= 13 CG-I (Broecker and Maier-Reimer, 1992; Lynch-Stieglitz et al., 1995) . This conversion does not account for glacialinterglacial variations in air-sea exchange signature, average S1 3 C values of organic matter, or mean ocean YCO 2 . Because there apparently was a negligible glacial-interglacial Cd change (Boyle, 1988 (Boyle, , 1992 , there was no correction to the phosphate difference between glacial and interglacial times estimated from Cd/Ca data ( Table 7) . Later, the differences between LGM Cd/Ca and 6 13 C data will be used to constrain glacial circulation.
DISCUSSION
Glacial-interglacial Cd/Ca and S13C contrasts from mid-depth and deep cores are consistent with published data from the South Atlantic (Curry and Lohmann, 1982; Boyle, 1984; Oppo and Fairbanks, 1987 In order to best use Cd/Ca and 813C data, we follow the lead of Lynch-Steiglitz et al. (1996) and plot 81 3 C vs. CdW (Figures 8, 9 and 10). On the CdW/81 3 C diagrams, mixing between northern source water and southern source water moves data parallel to mixing lines between the end-members. Watermass aging and organic matter remineralization cause data to move along lines of "Redfield" ratio organic matter remineralization (Broecker and Maier-Reimer, 1992; Lynch-Steiglitz et al., 1995 .
For the glacial CdW/81 3 C diagram, these lines assume a 0.3%o lower mean ocean 81 3 C , a 2%o higher average organic matter S13C (Lynch-Steiglitz et al., 1995 , a 4% increase in total inorganic carbon, and no change in the oceanic inventory of Cd during the LGM (Boyle, 1988; Boyle, 1992; Rosenthal et al., 1995) .
Redfield ratio organic matter remineralization lines also can be thought of as defining lines of equal gas exchange signature ( 8 13 Cas). The 8 13 Cas equations we use are: S 13 Cas = Good agreement between watermass compositions estimated by modern salinity versus temperature and by core-top CdW versus S1 3 C values, but lesser aging implied by foraminiferal proxies than by bottom water S1 3 C and P supports the possibility of stronger NADW production during this earlier Holocene period. In our core-top data, high 613C values relative to CdW values could be a result of a more positive gas exchange signature for any or all end-members during this period. Alternatively, the offsets from modern watermass properties could be a result of foraminiferal "vital" effects.
LGM 61 3 C and Cd/Ca data ( Figure 5 and 6) demonstrate that intermediate waters of the western South Atlantic were nutrient-depleted during the LGM. Waters from the western South Atlantic fall along a line of organic matter remineralization associated with GNAIW which has a much higher preformed S13C value than glacial Southern Ocean water (Figure 9) . Thus, the glacial CdW/8 13 C data suggest that GNAIW is the most likely source of nutrient depleted water bathing RC16-119 (Figure 9) . In CdW/81 3 C space, RC16-119 (1567 m) in particular falls very close to GNAIW, but more than 1%o away from Subantarctic surface waters in 613C (Ninnemann and Charles, 1997) , suggesting GNAIW is the source of water bathing this site (Figure 9) . The presence of GNAIW at 28S provides evidence to support the hypothesis of a glacial conveyor belt circulation in which NADW was replaced by GNAIW (Yu et al., 1996) .
On the CdW/5 13 C diagram (Figure 9) , mid-depth western South Atlantic data (2069 and 2438 m) fall along lines of equal gas exchange signature extending roughly from GNAIW also suggesting a predominantly northern source for waters bathing these sites during the LGM. Furthermore, western South Atlantic data also fall further to the right of the mixing line on the CdW/ 13 C diagram than similar depth North Atlantic data (-2100 m and 2400 m North Atlantic waters), implying southward flow and aging of mid-depth waters.
The Cd/Ca data from the two deepest cores confirm previous studies of cores from similar and deeper depths showing low amplitude glacial-Holocene change in LCDW (e.g. Boyle, 1992; Oppo and Rosenthal, 1994; Rosenthal et al., 1997) , and contrast with 81 3 C data from similar depths suggesting substantially greater glacial than Holocene nutrient levels (Oppo and Fairbanks, 1987; Charles and Fairbanks, 1992) . Much of the earlier 813C data generated on South Atlantic cores comes from regions overlain by very productive surface waters, where high fluxes of low-8 13 C organic matter probably reduces the 8 13 C value of the water just at the sediment-water interface where the foraminifera are living (e.g. Mackensen et al., 1993) . Although these very low 61 3 C values are probably lower than that of the surrounding bottom water, benthic 8 13 C data generated from cores underlying relatively unproductive regions (Bickert and Wefer, 1996) continue to suggest a minimal 6 13 C gradient between the deep Atlantic and deep Pacific, inconsistent with the Cd/Ca data if a simple 51 3 C-phosphate relationship is used. Although it is difficult to imagine that a decrease in nutrient-depleted NADW, documented throughout the Atlantic basin with both S 13 C and Cd/Ca data (e.g. Boyle and Keigwin 1982; Boyle, 1984; Boyle and Keigwin,1987; Duplessy et al., 1988; Curry et al., 1988; Boyle, 1992; Bertram et al., 1995) would not affect nutrient levels in LCDW, reduced contribution of nutrient-depleted NADW to CDW could have been compensated for by an increased supply of GNAIW, which we now know extended to at least 28S. A reduced supply of nutrient-depleted NADW to CDW may also have been partially compensated by incorporation of Subantarctic surface water, because Subantarctic Indian and Pacific planktonic and benthic Cd/Ca and S13C suggest glacial nutrient depletion in these surface waters (Rosenthal et al., 1997; Ninnemann and Charles, 1997) .
LGM benthic Cd/Ca data also suggest local sources of nutrient depleted deep water in the Indian sector of the Southern Ocean (Rosenthal et al., 1997) . All of these scenarios could result in unchanged LCDW nutrient levels.
Additional important observations related to the LGM Cd/Ca-81 3 C data set can be derived from the CdW/ 13 C diagram. First, the CdW/8I 3 C diagram suggests that most of the open North Atlantic data is a mixture of GNAIW and SOW, with varying degrees of aging (Figure 10) . Second, the CdW/8 13 C diagram suggests that Subantarctic surface waters could be a partial source of deep Southern Ocean waters (Figure 9 ). This deduction is based on the observation that LGM Cd/Ca and 8 13 C data from Southern Ocean cores (Boyle, 1992; Oppo and Rosenthal, 1994) Thus, it is possible to arrive at an internally consistent LGM deepwater circulation using a CdW/S' 3 C approach. Like today, deep Atlantic and Pacific waters were a mixture of North Atlantic and Southern Ocean sources with the differences in apparent nutrient concentrations accounted for by varying degrees of aging. Even though the glacial to interglacial change in the 51 3 C of CDW seems large in comparison to the glacial to interglacial change Cd/Ca change, the fact that most of the combined glacial data can be described as an aged mixture of CDW and NCW suggests that the Cd/Ca-13 C debate should refocus on the origin of the low CdW and 61 3 C values found together in glacial Subantarctic surface waters, which probably supplied glacial CDW.
CONCLUSIONS
Core top Cd/Ca and 8 13 C data suggest more nutrient depleted water masses bathing intermediate and mid-depth sites than suggested by modem water column measurements (GEOSECS expedition; Reid et al., 1977) . Stronger NADW production earlier in the Holocene could explain the difference between phosphorus estimates based on core top Cd/Ca ratios and modem water column phosphate measurements. Stronger NADW production does not explain all of the discrepancy in 6 13 C data, because the discrepancy between modem water column measurements and core top foraminiferal measurements is larger in 81 3 C data than Cd/Ca data. A more positive gas exchange signature for any endmember earlier in the Holocene could explain modem-core top S1 3 C offset not accounted for by Cd/Ca data. Alternatively, we cannot eliminate the possibility that high 81 3 C values and low Cd/Ca ratios were caused by foraminiferal vital effects.
LGM South Atlantic Cd/Ca and 8 13 C suggest a nutrient depleted water mass above about 2000 m and nutrient enriched water below that depth (Figures 5 and 6) . Using a simple conversion of 61 3 C data to phosphate suggests some discrepancies between LGM Cd/Ca and 6 13 C data, but the data are internally consistent when viewed on a CdW/61 3 C diagram (Figures 9 and 10) . Paired Cd/Ca and 8 3 C data suggest that GNAIW extended to at least 28S during the LGM, and suggest a predominantly northern source of mid-depth waters. Cd/Ca ratios in the deepest western South Atlantic sites suggest no change in the nutrient content of LCDW.
The presence of GNA1W at 28S combined with little or no change in the nutrient content of LCDW provides supporting evidence for a global conveyor belt circulation in which NADW was replaced by GNAIW during the LGM (Yu et al., 1996) . Glacial SOW apparently originated in the Subantarctic, and deep Pacific waters were an -50/50 mixture of northern and southern source waters like today. 
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Figure 7. Benthic foraminiferal carbon isotope values are 0.3%o-0.4%o higher than the nearest water column carbon isotope measurements (Kroopnick, 1985) . derived from Boyle (1992) . The glacial Subantarctic surface water point is derived from the data of Rosenthal et al. (1997) , Ninnemann and Charles (1997) , and Rickaby and Elderfield (submitted manuscript, 1998) . A mixing line connects GNAIW with glacial SOW. Western South Atlantic cores are plotted with blue crossed circles. Boyle's (1992) North Atlantic data from similar depths as our western South Atlantic data are plotted with cyan crosses. Lines of organic matter regeneration (Broecker and Maier-Reimer 1992; Lynch-Stieglitz et al., 1995 cross the y-axis at arbitrarily differing preformed carbon isotope values. These lines assume a 0.3 %o lower glacial mean ocean carbon isotope composition (e.g. Duplessy et al., 1988; Curry et al., 1988 , Boyle, 1992 , 2%o higher average glacial organic matter carbon isotope compostion (Rau et al., 1991) , a 4 % increase in total inorganic carbon, and no change in the oceanic inventory of Cd (Boyle, 1992) . Arrows show the approximate contributions of aging and mixing needed to yield western South Atlantic data. (Boyle, 1992) and new and published (Boyle, 1992) western South Atlantic data (blue crossed circles) can be described as an aged mixture of GNAIW and glacial SOW. Glacial Subantarctic surface water and glacial SOW had similar gas exchange signatures suggesting a Subantarctic source for glacial SOW. The pre-formed nutrient composition of the Deep Tropical Pacific falls between GNAIW and glacial SOW, but the Deep Tropical Pacific data falls far from the mixing line between GNAIW and glacial SOW along a line of organic matter remineralization. This implies that like today, deep Pacific waters were an aged mix of North and South Atlantic source waters during the LGM. 
TABLES
